Dihydropyrazines (DHPs) revealed the single strand-cleavage 1) of covalently closed circular DNA of plasmid pBR322, especially in the presence of Cu 2ϩ . This cleavage was determined to be initiated by the radical species generated from DHPs. Therefore, further investigation of the reactivity of DHPs continues our laboratory.
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DNA damage is closely related to the variety of biological phenomena such as mutagenesis, carcinogenesis, aging and radiation effects. A better understanding of the mechanism of the biological effects caused by DHPs is of great interest, because DHPs were derived from sugar and universally existed in human body, and consequently might caused various internal injuries in vivo.
2) The chemical reactivity 3, 4) and the biological effects 2, 5) of DHPs have been elucidated. The electron spin resonance (ESR) spectrum of DHPs showed the cogeneration of four radical species 6) such as · OH, · OOH, · CHR 2 and · CR 3 at the same time. Furthermore, the specificity 7) of the nucleotide sequence DNA strand cleavage sites produced by DHPs has been identified. However, whether oxygen radica'ls or carbon-centered radicals (C-radicals) primarily involved in the DNA strand-cleavage remains unclear. There are a number of reports of DNA strand-cleavage due to reactive oxygen species, including hydroxyl radical, however, there have been few reports related to C-radical. [8] [9] [10] [11] The DNA damage caused by the copper-peroxide complex provides a unique example. 12) Herein, we use the results of DNA strand-cleavage activity and the ESR spectra with a spin-trapping agent to propose that the radical species that attacked the DNA strand formed 8-hydroxydeoxyguanosine (8-OHdG).
MATERIALS AND METHODS

Synthesis of Dihydropyrazine Derivatives
The dihydropyrazine derivatives (Fig. 1 ) employed were all synthesized by condensation of diketones and diamines. 2,3-Dihydro-5,6-dimethylpyrazine (DHP-1), 2,3-dihydro-2,5,6-trimethylpyrazine (DHP-2) and 3-hydro-2,2,5,6-tetramethylpyrazine (DHP-3) were synthesized by the method of Yamaguchi et al. 1) 2,3,-Dihydro-5-methy, 6-phenylpyrazine 13)
(DHP-4) was also synthesized by similar method. Assay of DNA Strand-Breaking Activity The method of assaying the DNA strand-cleavage activity of DHPs, using a covalently closed circular duplex DNA of plasmid pBR32 (ccc-DNA) was previously described. 14) ESR Spectroscopy of Dihydropyrazines The ESR spectra were recorded on a JES-FA200 spectrometer (JEOL Co., Tokyo) using a Mn 2ϩ marker as an external standard, and an ES-LC12 flat cell (JEOL Co., Tokyo). The spectra were measured in a 50 mM Tris-HCl buffer (pH 7.1) using 5,5-dimethy-1-pyrroline N-oxide (DMPO) as a spin trapping agent, according to previous paper.
6 ) The relative values were summarized in Table 3 . The instrumental condition were: field center 335.9 mT, scan width Ϯ5 mT, modulation frequency 100 kHz, modulation width 0.14 mT, time constant 0.3 s, amplitude 7ϫ100, microwave power 10 mW, and microwave frequency 9.427 GHz. The spectra were recorded at 30 min after mixing.
The Measurement of 8-Hydroxydeoxyguanosine The DNA samples for the measurement of 8-hydroxydeoxyguanosine (8-OHdG) were prepared as follow. The reaction mixture (500 ml) containing 10 mg of pBR322 ccc-DNA and 20 mM DHP in 50 mM Tris-HCl buffer (pH 7.2) was incubated for 1 h with or without 1 mM CuCl 2 . The reaction was stopped by the addition of 1ml cold ethanol, and the DNA product was precipitated at Ϫ80°C for 1 h. The precipitated DNA was then dissolved in 0.3 M sodium acetate, and again precipitated with ethanol, rinsed in cold ethanol for 2 times, and dried. The amount of 8-OHdG was determined according to Takeuchi et al. 15) Briefly, DNA was heat-denatured and then digested sequentially with nuclease P1 and alkaline phosphatase. Quantities of 8-OHdG and deoxyguanosine (dG) were determined by high performance liquid chromatography with electrochemical detection and UV absorp-tion. 8-OHdG levels were expressed as the molar ratio of 8-OHdG per 10 5 dG.
RESULTS
Oxygen radicals are well known to attack and damage single-stranded DNA. However, there have been very few previous reports on the activity of C-radicals. This may be because there is no standard substance for the resultant products from the reaction of nucleic base with C-radicals. Herein, we attempted to explain C-radical participation in DNA damage.
Thus far the degradation of DNA by · OH regard with Cu 2ϩ has been reported to be the reactive species. This has been observed for the copper(II)-phenanthroline complex 16) in the presence of reducing agents such as NADH, thiol, ascorbate, and the ternary complex (copper-phenanthroline-DNA) 17) in the presence of DNA, furthermore, the hydroperoxide-dicopper(II) complex 12, 18) produced from the reaction of Cu(I) with H 2 O 2 . The characteristics of DHPs were noteworthy because DNA damages induced by copper and the reactive oxygen species have a significant correlation with the DNA degradation by DHPs. DHP has three functions; reducing ability, chelating ability in the presence of copper, and the ability to independently generate · OH and C-radicals. Therefore, certain mechanisms of the DNA damage by DHPs must be considered.
The single-strand cleavage activities of DHPs in the presence or absence of Cu 2ϩ are summarized in Table 1 . The relative amounts of remaining ccc-DNA after 1 or 3 h of incubation time are shown as an index of activity. The order of DNA strand-cleavage activity was DHP-3ϾDHP-2Ͼ DHP-4ϾDHP-1 in the presence of Cu 2ϩ , although the difference in the cleavage activity for DHP-1-4 was hard to recognized in the absence of Cu 2ϩ . It is already apparent 1) that Cu 2ϩ converted into Cu 1ϩ by the reducing ability of DHPs. The relationship between the reducing ability shown in Fig. 2 and the cleavage activity of DHPs was examined. The reducing ability for DHPs decreases in the order: DHP-3ϾDHP-2ϾDHP-1ϾDHP-4. The result indicated that the cleaving activity can consider to be similar to the strength of electronic release ability, because DHPs converted into C-radical by electron releasing.
Experiment results show for the first time that 8-OHdG was produced by DHPs. In the comparison (Table 2) Various concentrations of DHPs were incubated with 100 mM bathocuproine disulfonate at 37°C in 50 mM Tris-HCl buffer (pH 7.2) for 1 h in the presence of 1 mM CuCl 2 . The OD at 480 nm is showing the quantity of resulted Cu(I)-bathocuproine complex. *At 1 mM of DHP-4, precipitation was caused in reaction solution, and accurate measurement was imposible. Plasmid pBR322 ccc-DNA was incubated with various concentrations of DHP in 50 mM Tris-HCl buffer (pH 7.2) at 37°C for 1 h with 1 mM CuCl 2 or for 3 h without CuCl 2 . The examination of each at 20 mM of DHPs was used in order to obtain a sample for the measurement of 8-OHdG amount. a) Data taken at 1 h. It is indicated that ccc-DNA was converted into linear DNA via open-circular DNA, then the breakage activity is as strong as the amount of remaining ccc-DNA is small. . Thus, the amount of · OH, which produced 8-OHdG, was not in good agreement with the order of the DNA breakage activity. This indicated that the participation of C-radical was strongly suggested in DNA cleavage reaction by DHPs. Because no superoxide anion radical was detected in ESR, although 8-OHdG also was produced by active oxygens ( · O 2 Ϫ or singlet state oxygen) except for · OH. The ESR spectrum of DHP-1 showed in Fig. 3 as an example. The two radical signals were detected as adducts of DMPO used as a spin trapping agent. The relative intensity of hydroxyl radical (· OH) and C-radicals generated from DHPs was showed in Table 3 . The strength of C-radical intensity for · OH increased remarkably upon addition of Cu 2ϩ , especially, in the DHP-3 and -4 (increased in about ca. 9 and ca. 25 times, respectively) as shown in Table 3 . This occurred despite the · OH signal showed no rise. The increment of C-radical in DHP-4 was most remarkably in the presence of Cu 2ϩ . This result corresponds well to the DNA cleavage activity that was elevated in the presence of Cu 2ϩ as shown in Table 1 . The order of relative intensity of the C-radical was in good agreement with that of the amount of 8-OHdG formed. However, it was not in good agreement with that of DNA cleavage activity. , the DNA strand cleavage activity (Table 1) , the formed amounts of 8-OHdG (Table 2 ) and the ESR signal intensity of radicals increased remarkably. The ESR signal intensity was variable related to the concentration of Cu 2ϩ . The intensity increased by about 20% at the 0.08 of molar-ratio of Cu 2ϩ to DHP, however it decreased by about 80% at the 0.8 molar ratio. At the 0.01 of the molar ratio, no effect was observed. As the concentration of Cu 2ϩ increased, the precipitate of the DHP compound chelated to Cu 2ϩ was produced and radical generation terminated. Thus, the presence of an adequate amount Cu 2ϩ was thought to be necessary in order to cause radical generation. In the DNA cleavage reaction, binding of Cu 2ϩ to pBR322 ccc-DNA was confirmed, 18) producing the Cu 2ϩ -DNA complex, which was broken more easily than free DNA. Therefore, the effect of Cu 2ϩ in existence of DNA strand, differ from that shown in the ESR measurement without the DNA strand. As shown in Chart 1, the reproduced Cu 2ϩ was utilized in the reaction system, indicating that ESR spectrum obtained from the reaction of DHP-1 (6 mM) with CuCl 2 (0.01 mM) in the presence of DMPO (100 mM) at pH 7.1 (50 mM Tris-HCl buffer) (DHP-1ϩCu 2ϩ , Table 3 ). Spectrum was assigned to DMPO adducts of hydroxyl (b) and carbon-centered (a) radicals. Peaks indicated with (᭹; hydroxyl radical) and (; carbon-centered radical) were used for the determination of the relative intensities of DMPO adducts. The values represent the peak heights of the first signal of carbon-centered radical-DMPO adducts and the fourth signal of hydroxyl radical-DMPO adducts (see Fig. 3 ). The spectra were measured under conditions descrived in Materials and Methods. Signal intensities were calibrated by comparison with a standard Mn 2ϩ marker. To confirm the relative intensities of these radical aducts, computer simulation of spectra were performed using these values. , and in the presence, Eq. 2 was amplified and Eq. 3 was newly added. The DNA cleavage reaction was examined to determine whether · OH or Cradical primarily involved in DNA breakage reaction. The order (DHP-3ϾDHP-2ϾDHP-4ϾDHP-1) of the cleavage activity is a considerable difference from the order (DHP-4ϾDHP-3 Ͼ ϾDHP-2ϭDHP-1) of the formed 8-OHdG.
DISCUSSION
It is differ from the order of cleavage activity that the amount of formation of 8-OHdG is almost equivalent at DHP-1 and DHP-2 as shown in Table 2 . In the case of DHP-4, the C-radical signal increased upon addition of Cu 2ϩ and the ratio of · OH reached very low level, as shown in Table 3 . The amount of 8-OHdG formed was, however, the greatest. Chart 2 depicts an alternative pathway to explain the seeming inconsistency. The amount 8-OHdG formed may be explained by Eqs. 4 and 5 in Chart 2. Table 3 shows the relative signal intensities of C-radical were 73-96%, whereas that of the · OH was low. Thus, participation of C-radical cannot be accounted for, and the effect at the time of copper addition cannot be explained. The ESR spectra on DHP-3 and DHP-4 with or without of Cu 2ϩ , show a comparison of signals in which an increase in · OH is not observed and further that Cradical increases greatly, as shown in Table 3 . In our previous paper, 7) we reported that the most preferentially cleaved sites induced by DHPs were at purine/pyrimidine-guanine (5Ј-Ͼ3Ј) sequences after being heated with aqueous piperidine. Therefore, the hypothesis as shown in Chart 2 was estimated. The C-radical produced from DHPs attacked to DNA strand, especially in the deoxyguanilate regions, which may be possible binding sites for Cu The formation of O 6 -alkylguanie 20) and, 8-OHdG 21) and 2-hydroxydeoxyadenosine 21) are known to cause a transition of GC to AT and a transversion of GC to TA. The data related to mutagenesis in Escherichia coli has been previously obtained (the data not shown; the base pair substitutions GC to AT and GC to TA appeared to be predominant.). Thus, the alkylation shown in Eq. 4 is thought to be performed by the C-radical.
The DNA cleavage reaction by DHPs in the presence of Cu 2ϩ is thought to be induced primarily by the C-radical, as shown in Charts 1 and 2. Furthermore, it was determined that there is no accompanying auxiliary action of · OH.
Definitive evidence which · OH participate only a few in the DNA cleaving activity has been obtained. ESR spectrum observed in a degassed solution showed the diminished intensity of · OH signal. In spite of an anaerobic conditions, the assay of the cleaving activity was recognized as similar as a control in the air. The detailed study should be published in a following paper.
Free radical species such as · OH and C-radical from DHPs attacked to DNA strand, and the resultant 8-OHdG and alkylated nucleic acid base adducts elicited various DNA damages (the degradation of DNA and mutagenesis, carcinogenesis, teratogen as genotoxic property). The present report focuses solely on DNA strand-cleavage activity. However, since it is known that C-radical react very rapidly with molecular oxygen, and the products formed from this reaction (such as peroxyl radicals) are generally considered to be more deleterious to biomolecules than the parent alkyl radical, certain unknown functions of DHPs were further expected. Data on the role of DHP has been obtained. That data contained certain cases that the effects by DHPs did not be inhibited by radical scavengers. Thus, the effect of DHPs is thought to be due to the chemical reactivities of DHPs, without the participation of radical species.
Further investigation on the biological activity of DHPs is currently underway.
